Intestinal epithelial cells (IECs) are exposed to the low-oxygen environment present in the 39 lumen of the gut. These hypoxic conditions are on one hand fundamental for the survival of 40 the commensal microbiota, and on the other hand, favor the formation of a selective 41 semipermeable barrier allowing IECs to transport essential nutrients/water while keeping the 42 sterile internal compartments separated from the lumen containing commensals. The 43 hypoxia-inducible factor (HIF) complex, which allows cells to respond and adapt to fluctuations 44 in oxygen levels, has been described as a key regulator in maintaining IEC barrier function by 45 regulating their tight junction integrity. In this study, we sought to better evaluate the 46 mechanisms by which low oxygen conditions impact the barrier function of human IECs. By 47 profiling miRNA expression in IECs under hypoxia, we identified miRNA-320a as a novel barrier 48 formation regulator. Using pharmacological inhibitors and short hairpin RNA-mediated 49 silencing we could demonstrate that expression of this miRNA was HIF-dependent. 50 Importantly, using over-expression and knock-down approaches of miRNA-320a we could 51 confirm its direct role in the regulation of barrier functions in human IECs. These results reveal 52 an important link between miRNA expression and barrier integrity, providing a novel insight 53 into mechanisms of hypoxia-driven epithelial homeostasis. 54 
Introduction
The human gastrointestinal (GI) tract is the organ forming the largest barrier towards 56 the external environment and a key player in nutrient absorption (1). It is made of a monolayer (4-6). Second, epithelial cells polarize and express tightly juxtaposed adhesive junctional 72 complexes between neighbouring cells. These junctional complexes are composed of integral 73 transmembrane proteins that are linked via intracellular scaffoldings proteins to the actin 74 cytoskeleton (7). This tight organization of intestinal epithelial cells (IECs) inhibits paracellular 75 diffusion of ions and other solutes as well as antigenic material (8). The junctional complex 76 therefore is essential for establishing and maintaining the barrier function of the mucosal layer 77 and is composed of tight and adherens junction proteins such as claudins, occludin, junctional 78 4 adhesion molecule-A (JAM-A), tricellulin, zona occludens-1 (ZO-1) and E-cadherin (8). The 79 interaction between the different tight junction and adherens junction proteins thus creates 80 a tight epithelial barrier and determines selective permeability through the intestinal 81 epithelium. 82 Within the physiological organization of the GI tract, an important but often 83 overlooked parameter is the low oxygen level present in the lumen of the gut. This 84 environment is fundamental for the survival of many commensals. Within the complex 3D 85 organization of the crypt-villus axis, the tip of the villi protrudes into the low oxygen (1-2%) 86 environment of the gut (hypoxic environment) (9). Conversely, within of the mucosal lining, 87 oxygen-rich blood vessels are located in the subepithelium, providing the stem cell containing 88 crypts with a high oxygen content of around 8-21% (normoxic environment) (10, 11). Besides 89 this oxygen gradient among the intestinal epithelium, the subepithelium of the GI tract is also 90 exposed to daily fluctuations in oxygen content. After food ingestion, the intestinal blood flow 91 increases and the oxygen content in the subepithelium rises up to 40-64%, but can also 92 decrease below 8% under fasting conditions (12, 13) . 93 Cells respond to the hypoxic environment by specifically regulating the expression of 94 hundreds of genes through the major hypoxic-induced transcription factor hypoxia inducible 95 factor (HIF) (14) . HIFs are heterodimeric transcription factors that are composed of a 96 constitutively expressed HIF-β subunit and one of the three oxygen-regulated alpha subunits 97 (HIF-1α, HIF-2α or HIF-3α) (15). Under normoxic conditions, HIF-1α is rapidly hydroxylated at 98 specific proline residues by different prolyl hydroxylases (PHD's), leading to binding to the E3 99 ubiquitin ligase containing the von Hippel-Lindau (VHL) tumor suppressor protein, 100 polyubiquitination and subsequent proteasomal degradation of the protein (16). Under 101 hypoxic conditions, lack of substrates such as Fe 2+ , 2-oxoglutarate and O2 inhibits 102 5 hydroxylation (17), therefore stabilizing HIF-1α and leading to dimerization with its 103 constitutively expressed β-subunit (HIF-1ß), translocation to the nucleus and binding of the 104 coactivators CBP (CREB-binding protein) and p300 (18). This enables the complex to bind to 105 target genes at the consensus sequence 5'-RCGTG-3' (where R refers to A or G) and leads to 106 formation of the transcription initiation complex (TIC) with subsequent expression of many 107 genes that promote erythropoiesis, angiogenesis, glucose transport and metabolism, all 108 needed in adaptation to low oxygen concentrations (19) . 109 Beside the importance of hypoxia for the commensal flora, it has been shown that low 
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In recent years it has become appreciated that hypoxia additionally regulates the 120 expression of an expanding but specific subset of miRNAs, termed hypoxamiRs (26, 27). 121 miRNAs are endogenous, small non-coding RNAs that consist of 18-23 nucleotides. After 122 transcription and subsequent maturation, the functional strand of the mature miRNA is 123 loaded into the RNA-induced silencing complex (RISC), where it silences target mRNAs through 124 mRNA cleavage, translational repression or deadenylation (28). miRNAs coordinate complex 125 regulatory events relevant to a variety of fundamental cellular processes (29). Although it has 126 6 been shown that miRNAs can participate in the regulation of barrier function (30), it remains 127 unclear whether the hypoxic environment in the lumen of the gut can induce the expression 128 of a specific subsets of hypoxamiRs which in turn will influence barrier function of the 129 intestinal epithelium. 130 In the current study, we sought to investigate how hypoxia impacted the formation of 131 a tight barrier in human intestinal epithelial cells. We found that human intestinal cells grown 132 under hypoxic conditions more rapidly displayed barrier functions compared to cells grown 133 under normoxia. We could correlate this improved barrier function with the faster assembly 134 of the tight junction belt under low oxygen conditions. Through transcriptome microarray 135 analysis, we identified three hypoxamiRs, miRNA-320a, miRNA-16-5p and miRNA-34a-5p, 136 known to play a role in barrier formation. Using overexpression and depletion experiments, 137 we could demonstrate that miRNA-320a acts as a key player in promoting barrier formation 138 in human intestinal epithelial cells under hypoxic conditions. Our data demonstrates that the Figure 1A ), DMOG treatment results in the significant upregulation 199 of both VEGF and Ca9 (Suppl. Figure 1B Figure 3A ). This miRNAs is a master-regulator for adaptation to low 232 oxygen concentration (27) and is a well characterized hypoxamiRs for which expression is 233 strongly linked to hypoxic conditions. This upregulation of miRNA-210-3p strongly suggests 234 that T84 cells have established a hypoxia-specific transcription profile. To probe for miRNAs, 235 which could regulate barrier function, we performed KEGG and MetaCore-driven pathway 236 analysis allowing us to identify three potential hypoxamiRs involved in barrier function 237 establishment (miRNA-320a, miRNA-34a-5p and miRNA-16-5p) ( Figure 3B and Supp. Figure 2) . 238 miRNA-320a has been shown to be crucial for intestinal barrier integrity through modulation 239 11 of the regulatory subunit PPP2R5B of phosphatase PP2A (35). Additionally, miRNA-320a was 240 found to both target ß-catenin directly (36) and VE-cadherin through inhibition of the 241 transcriptional repressor TWIST1 (37, 38). miRNA-34a-5p has been shown to serve as an 242 inhibitor for the zinc-finger transcription factor Snail (39, 40), which in turn functions as a 243 transcriptional repressor of the adherens and tight junction proteins E-Cadherin, claudins and 244 occludin (41-43). Interestingly, we recently (44) determined that miRNA-16-5p acts as a 245 regulator of claudin-2 expression and its expression negatively correlated with occurrence of 246 IBS in patients, therefore playing a key role in modulating barrier function. 247 To validate the results of the miRNA microarray profiling, we performed qRT-PCR 248 analysis for these specific miRNAs. As observed in our microarray approach, miRNA-210-3p, In this work, we demonstrate that the physiological hypoxic environment improves 298 intestinal epithelial barrier function of T84 cells as shown by the faster establishment of 299 transepithelial electrical resistance, by the more rapid decrease in barrier permeability to 300 FITC-dextran, as well as by the faster establishment of the tight junction belt compared to 301 normoxic conditions. Using pharmacological inhibitor and knock-down approaches, we could 302 show that this increased barrier function is dependent on the hypoxia regulator HIF-1α. 303 Additionally, using a miRNA microarray approach we identified miRNA-320a as a key miRNA 304 induced under hypoxia being directly responsible for regulating barrier functions in human 305 intestinal epithelial cells. We could demonstrate that its overexpression is sufficient to and ulcerative colitis patients (51) and seems to play a protective role in inflammatory bowel 335 disorders through improvement of epithelial barrier function (52). It has been suggested that 336 HIF-1α helps to control intestinal inflammation by interacting with the inflammation 337 transcription factor nuclear factor-kappa B (NF-κB) (53) . 338 To date, most of the work aimed at understanding the effect of hypoxia on barrier 339 function in the gut has focused on the transcripts and proteins that are induced under hypoxia. 340 In the emerging field of miRNA, several miRNAs have been identified as potential regulators 341 of barrier function. However, to the best of our knowledge, these miRNAs were not studied were grown on transwell filters (6.5 mm polycarbonate membrane, 3 μm pore size; Corning).
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The medium was changed one day post seeding and subsequently every second day. Production of lentiviral constructs expressing miRNAs and shRNA against HIF-1α. 482 Oligonucleotides encoding the sequence for mature miRNA-16-5p, miRNA-34a-5p, and 483 miRNA-320a were designed according to protocol "Lentiviral Overexpression of miRNAs" (64), 484 oligonucleotides encoding the sequence for HIF-1α knockdown were designed from the TRC 485 library, cloneID: TRCN0000003808 ( 
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